In the industrial production of olive oil, both solid wastes and those produced from their 14 incineration are a serious environmental problem since only 20% w/w of the fruit becomes oil 15 and the rest is waste, mainly orujo and alperujo. A key aspect to transform these wastes into an 16 important source of energy such as pellets is to recognize the most appropriate time of the year 17 for waste drying, with the objective of minimizing the environmental impact of the volatile 18 compounds contained in the waste. In this work, the emissions produced during thermal-19 mechanical drying were studied along a period of six months of waste storage in which alperujo 20 and orujo were stored in open containers under uncontrolled environmental conditions. The 21 studied emissions were produced when both wastes were dried in a pilot rotary drying trommel 22 at 450ºC to reduce their initial humidity of around 70-80% w/w to 10-15% w/w. Results 
indicated that when the storage time of the wastes in uncontrolled environments increases, the 24 emission of odorant compounds during drying also increases as a consequence of the biological 25 and chemical processes occurring in the containers during waste storage. The main odorant 26
VOCs were quantified monthly for six months at the outlet of the drying trommel. It was 27 determined that the drying of this type of waste can be carried out properly until the third month 28 of storage. Afterwards, the concentration of most VOCs produced widely exceeded the odor 29 thresholds of selected compounds. Since 20% w/w of olive oil is obtained in the extraction process and about 80% w/w corresponds 52 to waste, the sustained increment in the production has led to higher waste generation and to a 53 significant increase of environmental impacts such as odor nuisance and contamination of 54 groundwater [3] . Olive mill solid wastes are mainly alperujo and orujo. Alperujo is the residue 55 obtained from the two-phase process, while orujo is the residue of the three-phase process. Both 56 are an aqueous mixture rich in organic matter and other derivatives [4] . Studies conducted by 57
Christoforou [5] describe olive-mill solid wastes as an important source of energy given that 58 their calorific value is between 15.6 MJ kg -1 to 19.8 MJ kg -1 in dry basis. However, one of their 59 disadvantages is the high moisture content, which lies between 60% w/w -70% w/w, 60 respectively [6, 3] This implies that these residues should be dried before any further use to reach 61 a moisture content of around 8% w/w in a dry basis. This process has been carried out for many 62 years to obtain a product with added value, such as in the case of oils extracted with solvents [7] . 63
The most used systems for this purpose are rotary dryers [8] . Such drying systems produce 64 evaporation of volatile organic compounds (VOCs) when the temperature in the chamber 65 increases; they also produce condensable compounds and particle emissions as a consequence of 66 volatilization, steam production and thermal destruction [7, 9] . Additionally, significant risks of 67 producing polycyclic aromatic hydrocarbons due to the adherence of the residues to the drum 68 walls exist [8] . Emissions produced depend on waste composition, which varies over time during 69 waste storage due to the effect of environmental variables (temperature, rainfall and humidity) on 70 the chemical and biological processes occurring in the storage reservoirs [10] . In addition to the 71 fact that emissions from thermal-mechanical drying of such waste have been poorly addressed in 72 the literature, a significant variability of their composition is expected considering the influence 73 of the storage time in the release of VOCs from open reservoirs. Such variability has not been 74 addressed previously in literature to the authors' knowledge. 75
76
Fagernäs et al. [9] determined that when drying temperatures are below 100 ºC, monoterpenes 77 and sesquiterpenes are produced during biomass drying. Conversely, when temperatures are 78 above 100 ºC, compounds such as fatty acids, resin acids and higher terpenes are produced, 79 which are responsible for haze formation around these kinds of systems due to air cooling; which 80 cause odor and visual discomfort. On the one hand, Fagernäs et al. [9] determined that other 81 compounds released during drying processes are alcohols, organic acids and aldehydes, which 82 are the product of thermal destruction of hemicellulosic materials when temperatures exceed 150 83 ºC. On the other hand, a study conducted by Jauhiainen et al. [11] evaluated gaseous emissions in 84 the pyrolysis and combustion processes in a tubular laboratory batch reactor of olive oil solid 85 waste at different temperatures from 750 to 1050 ºC. This study showed that a great abundance 86 of compounds is generated and that their concentrations and type of compounds increase along 87 with temperature. The most abundant molecules found were methane, benzene, ethene, ethane, 88
propane, propene, butane, butene, butadiene and toluene. 89
90
The aim of this work was to characterize and quantify the VOCs produced when the alperujo and 91 orujo were dried using a pilot-scale rotary dryer (trommel). Both residues were stored outdoors 92 and under uncontrolled environmental conditions for six months, simulating the actual industrial 93 conditions, to evaluate the impact of the storage time on the dryer emissions. Thus, the initial 94 humidity for each residue fluctuated between 50-80% w/w and was reduced to around 10-15% 95 w/w in order to be suitable for pelletization. 96 
Environmental conditions 108
Provided that the containers were located outdoors and in order to evaluate the effect of 109 environmental conditions, a daily measurement for temperature, humidity, wind speed and 110 amount of rainfall was carried out during the entire experimental period of six months, which 111 was averaged on a monthly basis (Table T1 in the supplementary material). These parameters 112 were studied since relevant information can be obtained regarding the changes that can occur in 113 the odorant compounds due to the exposure time and the climate variability related to the rainfall 114 and the temperatures as the year progresses from winter to spring. In any case, the influence of 115 the environmental conditions on the samples in the study herein reported was found to be similar 116 to that already reported by Hernández et al. [10] , which was performed for samples of the same 117 type of wastes and exposed to environmental conditions in the same location but performed one 118 year in advance to this current study. 119
120
Representative samples were extracted every month for a six-month period from each container 121 containing orujo and alperujo waste as described elsewhere [10] . Every month, subsamples from 122 different parts of the container of each residue were mixed independently in a 50 L plastic 123 container and manually stirred to obtain a final homogeneous sample. These mixtures of orujo 124 and alperujo were separated every month as follows: 5.0 kg frozen at -18 ºC stored as control 125 samples; 1.0 kg for laboratory tests in triplicate, using standardized methods according to DIN 126 [12] and AOAC INTERNATIONAL [13] and 15.0 kg of orujo and alperujo samples that were 127 divided into three subsamples of 5.0 kg each to be dried in the drying trommel in triplicate. Table  128 1 shows the main characteristics of the physical-chemical parameters analyzed of each waste 129 prior to its drying phase. 130 propane-butane gas (model SG30) with a direct flame that provides the caloric energy to the 138 system. The entry feeding hopper (1) for the wet material (alperujo and orujo) had a height of 50 139 cm, the diameter in the upper part was 50 cm and the diameter in the lower part was 20 cm. The 140 concentric drum (10) had a length of 2500 cm and 80 cm in diameter. In addition, paddles were 141 built inside the drum to allow samples to be homogenized. Finally, the trommel had two orifices, 142 one for the exit of the dry biomass (11) and the other for the exit of the exhaust gases and 143 particulate matter (8). The exhaust gases and particulate matter passed through a separation 144 cyclone (7) to extract fine particles, while the hot gases were released through an outlet pipe 145 where gas samples were taken for Volatile Organic Compounds (VOCs) analysis. The working conditions of the drying trommel were selected based on those normally used in the 152 olive oil production industry. A working temperature in the concentric drum of 420±10 ºC was 153 selected and controlled using two thermocouples (PT100), one for the entry of hot gases into the 154 system and the other inside the drum of the drying trommel. The drum rotation speed of the 155 system was programmed at 5.0 RPM and an inclination of 15º in order to achieve a better 156 displacement of the material inside the drum and achieve a homogeneous drying in a total time 157 of approximately 15 minutes. The final outlet moisture of the alperujo and orujo was between 158 10-15% w/w on dry basis. 159
160
For each sample of orujo and alperujo, three tests per sample were carried out allowing to 161 evaluate the outlet emissions and waste characteristics after the drying process (Table T2,  162 supplementary material). In all cases, the average humidity of the material after the tests 163 fluctuated between 11-13% w/w on dry basis, while the average for ash content and the 164 measuring heating value were 1.5-3.0% w/w and 22.3 MJ kg -1 , respectively, for both alperujo 165 and orujo. 166 
Sampling of VOCs and conditions of thermal desorption gas chromatography mass 171 spectrometry (TD-GC/MS) 172
At a distance of 50 cm from the outlet pipe of the exhaust gases of the drying trommel, three 173 samples were taken for each test at different times (5 min, 10 min and 15 min) at an average 174 outlet temperature of 150 ºC. In order to extract the gas samples, a suction pump (Markes Easy 175 VOC model LP-1200) was used, extracting an amount of 100 mL through an absorbent tube 176 (Markez C2-BAXX-5315 odor/sulfur. C6/7-C30, thiols and mercaptans). Once the gases were 177 adsorbed, VOCs desorption was carried out using a cold trap of thermal desorption (Markes 178 model Unity-xr). The gases were extracted in Split mode, driven with helium for 1 min to the hot 179 trap programmed at 300 ºC. Then cooled to 20 ºC in the cold trap to finally be heated to 300 ºC 180 Propanamide, 2-hydroxy-2-6 1-6 Amines 1,4-Pentadiene 2-3 1-2 Pyridine, 3-ethyl-2-3 2-3 Alcohols 1-Dodecanol, 3,7,11-trimethyl--1-3 2-Methoxy-4-vinylphenol 2-3 1-6 0.003 Nagata [19] 3-tert-Butyl-4-hydroxyanisole 2-6 2-3 Phenol 1-6 1-6 0.0056 Nagata [19] Phenol, 2-methoxy-4-(1-propenyl)-2-5 1-6 Phenol, 2,6-dimethoxy-1-2 1 Phenol, 4-ethyl-2-methoxy-1-5 1-6 1-Dodecanol, 3,7,11-trimethyl-2 
1,2-Cyclopentanedione, 3-methyl-5-3 2 2-Cyclopenten-1-one, 2-hydroxy-3-methyl-1-6 4-5 2-Cyclopenten-1-one, 2-methyl-3-6 1-6 2-Propanone, 1-(acetyloxy)-4-5 1-6 2-Propanone, 1-hydroxy-2-6 5 Ethers
Octane, 1-methoxy-1-2 6 212 Table 2 shows that there are a significant number of compounds repeated over time for the 213 samples of orujo and alperujo. Abundance is shown as 1-6, indicating that these compounds 214 appeared in all the sampling events throughout the 6 months of experimentation, while those that 215 appeared as a single number, for example 1, are those that only appeared in the first month 216 (June) of experimentation. The compounds found more frequently (all months from 1 to 6) in 217 both orujo and alperujo corresponded mainly to aldehydes (benzaldehyde, furfural and nonanal), 218 alcohols (phenol, 2-furanmethanol), carboxylic acids (acetic acid) and hydrocarbons (toluene, 219 hexane, octane and nonane). This lead to consider such molecules as target compounds for 220 further treatment of emissions from the drying process. Consequently, these compounds were 221 later selected for further quantification. Interestingly, Fagernäs et al. [9] showed that these types 222 of molecules appear mostly when the temperature exceeds 150 ºC because the process of thermal 223 destruction of the wood hemicellulose begins. In addition, Dalai et al. [22] demonstrated that 224 when the temperature in the rotary drying system increased from 60 ºC to 250 ºC in a time of 45 225 min for the drying of alfalfa, the presence of VOCs increased, especially hydrocarbons, alcohols, 226 aldehydes and ketones. Thus, emissions are increased when the temperature in the drying system 227 is increased, consequently increasing their environmental impact. Results were in agreement 228 with those found by Jauhiainen et al. [11] , in which the emissions produced in the combustion of 229 olive oil solid waste were mainly hydrocarbons, such as ethane, propane, hexane, toluene, 230 benzene as well as pyridinic derivatives and polycyclic aromatic hydrocarbons. This 231 demonstrates that the most frequent molecules in Table 2 were representative of the emissions 232 during the thermal-mechanical drying of these wastes. It is worth mentioning that a limited 233 number of references were found regarding the odor threshold concentration for the compounds 234 emitted from alperujo and orujo drying, highlighting that further research is needed to complete 235 such gap. Fortunately, odor thresholds of those compounds found as representative of alperujo 236 and orujo emissions during waste drying have been previously reported (Table 2) . 237
In addition to the factors that influenced the drying process, VOCs found in the exhaust gases 238
were also related to the prior storage stage as reported previously. Firstly, Hernández et al. Table 2 throughout 249 the six months of study. Alcohols, carboxilic acids and aldehydes were those families that 250 presented the highest percentage of compounds corresponding to an average of 36%, 27% and 251 15%, respectively, for alperujo; and 41%, 21% and 10%, respectively, for orujo. In a previous 252 study, Hernández (Table 1 ) and the rain 266 precipitations (Table T1, Dexter et al. Table 3 and 4 show the quantification of VOCs that were considered as target 286 compounds according to the results in Table 1 . Concentrations were compared with the odor 287 threshold concentrations also reported in Table 1 . 288 289 Table 1 with the concentrations of odorants in Table 3 odor threshold in alperujo and orujo, respectively. Hexanal, nonanal, octanal, phenol, hexane and 305 toluene concentrations exceeded by 221%, 253 %, 6,900 %, 9,900 %, 40 % and 142 % their odor 306 thresholds in alperujo and 543 %, 165 %, 10,900 %, 15,900 %, 13.3 % and 294 % their odor 307 thresholds in orujo, respectively. Considering that most of the compounds reported in Tables 3  308   and that initial humidity of wastes is almost constant during the 3-4 months (Table 1) , results indicate 341 that a proper alternative to reduce the impact of exhaust gases from the oil mill waste drying 342 from an emissions perspective is to process them as soon as they are produced to minimize the 343 overall emission of odorants from the storage and drying. 344 345 Odor concentration measured in the gaseous emissions of a treatment process can be 346 complemented with the individual odor impact values, which can help in the identification of the 347 major odor contributors found in a complex odorous gas mixture. Table 5 shows the OIV per  348 each VOC, which is obtained by dividing the average concentrations of each VOC quantified by 349 its odor threshold according to literature data (Table 3) . 
Concluding remarks 376
This work was devoted to show the emissions of VOCs from samples of orujo and alperujo when 377 they are stored over time and dried in a drying trommel. Results revealed that different odorant 378
VOCs at varying concentrations are generated over time, which are often emitted directly into 379 the environment through a chimney. As a consequence, bothersome impacts in the surrounding 380 vicinities will be generated. These compounds corresponded mainly to alcohols, aldehydes, 381 aromatics, carboxylic acid and hydrocarbons, which were found in concentrations higher than 382 their odor threshold. Results showed that from the third month onwards, the concentrations of 383
VOCs classified as odorants were intensified. Thus, when alperujo and orujo wastes are stored 384 over time and subjected to various environmental changes, there are ideal times to carry out the 385 drying process without generating major consequences of odorant compounds both in the drying 386 phase and storage phase, implying that the shorter the time the less environmental consequences 387 are generated. 388 389
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